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7.0 INTRDDUCTION

The excitatory amino acids {EAAs) have come to be accepted  as
prabably involved in the normal and abnormal function of the central
nervous system. Since Curtis, Phillis and Watkins (1959, 1960) beqgan
a systematic study of the actions of EAAs in contral neuranes Seve-
ral research workers have become invoived in extensive multidisci-
plinary studies to elucidate the precise roles and mechanisms of
action of these EAAs and their antagonists (fer previous reviews see
watkins and Evans, 1981; Mclennan, 1983; Fennum, 1984; Faster and
Fagg, 1984; Stone and Burton, 1988). Electrophysiological and big-
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chemical experiments using conformationally restricted agonists in
the vertebrate CHS has led to the characterisation of EAA receptors
into three pharmacologically distinct types (McLennan and Lodge,
1979; Watkins and Evans, 1981; McLennan 1983; Davies et al., 1983;
Watkins, 1984} . Although there have been different modifications to
this classification to give a fourth receptor type {Luini et al.,
1981; Fagni et al., 1983; Foster and Fagg, 1984) the present consen-
sus seems to settle on the three-receptor classification. This clas-
sification consists of:

(1) N-methyl-D-aspartate [(NMDA] receptor site

{(a) acted on by KMDA, NMLA, homocysteic acid and quinolinic
acid.

{b) blecked by:

{1} D{-}-2-amino-5-phosphonopentancic acid (APS or APV},
D{-)-2 amino-7 phosphoncheptancic acid [(AP? or APH)
fDavies et 2l., 1981bk; Perkins et al., 1981; Stone
et al., 1981;Evans and Watkins, 1381].

(i1) the dissociative anaesthetic ketamine (Anis et al.,
1982; LodgeandJohnston, 1985; Harrison and Simmonds,
1985), phencyclidine and the sigma opiate cyclazoci-
ne {Lodge and Anis, 1982; Thomsen and Lodge, 1985) .

(17i) MK-801 [{+)-5-Methyl1-10,11-dihydro-54-dibenze [a,d]
cyclo-hepten-5,10-imine maleatel (Drajer and Honore,
1987; Wong et al, 1986; Woodruff et al, 1987)

{iv) CPP [3-(2-carboxypiperazin-4-y1)-propyl-1-phosphonic
acid] (Davies et al, 1986).

{v) D-et-aminoadipate (Dw<AA) (Hall et al., 1977, Biscoe
et al. 1977; Davies and Watkins, 1979].

(vi} Mg*™™, Zn't and other metal ions {Davies and Watkins,
1977; Evans et al., 1377; Coan and Collingridge, L1985,
Peters et al., 1986, Westbraook and Mayer, 1987.
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(2) Quisqualate receptor site

{a) activated selectively by quisqualic acid {from the plant
Quisqualis) and {+}-2-amino-3-hydroxy-S-methylisoxazole-4-
propionic acid (AMPA}.

(k] blocked by:

(i) ¥ -D-glutamylaminomethylsulphonate {GAMS) [Davies et
a2l,, 1983; Davies and HWatkins, 1985].

(31)  §-D-glutamyltaurine ( ¥ -D-glu-tau) [Davies et al.
1483].

(1i1) Pentobarbital (Teichberg et al, 1984; Harrison, 1985;
Sawade and Yamamoto, 1985; Addae and Stone, 13987).

(3] Kainate receptor site

{a) activated selectively by kainic and domoic acids {from the
marine algae Digenea simplex and Chondria armata respecti-
vely).

(b) blacked by GAMS and Y-D-glu-taw {Davies et al., 1983).

Whereas the antagoenists to NMDA are selective and potent  GAMS
and f-D—g]u-tau ire not as potent for the kainate and quisqualate re-
ceptors and do antagonise NMDA to some extent {Davies et al., 1983},
The availability of selective NMDA antagonists has Tad to better cha-
racterisation and understanding of the NMDA receptor. Other established
EAA antagonists include kynurenic acid (an endogenous metabolite of
tryptophan [Perkins and Stone, 1382; Ganong et al., 1983; Herrling,
1985], (+ cis-2,3-piperidine dicarbaxylic acid {cis PDA} [Davies et
al., 1981a; Surtees and Collins, 1985) and §-D-glutamyl glycine { DGG)
[Francis et al., 1980; Davies et al., 1983; Surtees and Collins, 1985].
These antagonists, however, exhibit poor selectivity between the three
types of EAA receptors. L-glutamic acid diethyl ester {GDEE] was ini-
tially reported to be a selective gquisqualate antagonist (MclLennan and
Lodge, 1979; Davies and Watkins, 1979; however both its EAA antagonism
and its selectivity have not been consistently observed {Spencer et
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al, 1976; Luini et al, 1981),

The endogenous EAAs L-glu and L-asp activate all the three ty-
pes of receptors and are therefore regarded as mixed agonists (Wat-
kins and Evans, 1981). L-asp had been thought of as producing fts
effect mainly via the NMDA receptor whereas L-glu was considered to
activate primarily the quisqualate receptor (Watkins and Evans,1981).
Among the endogenous EAAs, however, L-glu has the highest affinity
for the APV (which labels the NMDA) binding sites (0lverman et al.,
1984). Intracellular recordings from neocortical slices indicate that
the actions of NMDA are best mimicked by the endogenous EAA L- homo-
cysteic acid and not by L-glu. (Kmopfel gt al, 1987). Nevertheless,
L-glu continues to enjoy the prime position as the most favoured
transmitter at all three EAA receptor sites.

1.1. MECHANISM OF ACTION OF EXCITATORY AMINO ACIDS (EAAs)

The early experiments using intracellular recordings indicated
that an EAA produced membrane depolarisation which if of sufficient
magnitude initiated a spike potential (Curtis, Phillis and Watkins,
1959; 1960; Bradford and Mcllwain, 1966). The conductance mechanism
underlying the depolarisation was, however, more difficult to deter-
mine. The EAA receptors seemed to be linked to different conductance
mechanisms. NMDA and L-asp responses are now known to be generated by
a voltage-dependent conductance, exhibiting a negative-slope conduc-
tance at membrane potentials more negative than -30mV. The conductan-
ce mechanisms linked to the kainate and quisqualate receptors are
less sensitive to the membrane potential (MCDonaldandWojtowicz, 1982;
MacDonald and Porietis, 1982; Mayer and Westbrook, 1984). The wmixed
agonist nature of L-glu could account for the earlier findings that
it increased, decreased or failed to alter the membrane conductance
(Engberg et al., 1978; Engberg, Flatman and Lambert, 1979; Hablitz and
Langmoen, 1982).

Voltage-and patch-clamp studies in cultured cells and neocorti-
cal slices have shown that Mg** ions block the ionic channels asso-
ciated with the NMDA receptor in a voltage-dependent manner i.e. Hg**
exerts increasingly powerful block at more negative membrane poten-
tials. This effect of Mg"* can fully account for the voltage-dependen-
cy of the NMDA-evoked conductance (Nowak et al., 1984; Mayer and West-
brook, 1984, 1985; Thomson, 1986). Current-voltage plots from volta-
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ge- and patch-clamp studies suggest that all the three selective ago-
nists act by activating non-selective cationic channels {Nowak and
Asher, 1984; Mayer and Westbrook, 1985),

Activation of the NMDA receptor has been shown to cause opening
of Ca** channels in cultured spinal neurcnes; these channels being
different from the voltage-gated Ca’™ channels (Mayer et al, 1987).The
non-NMDA agonists did not appear to open ligand-gated Ca*® channels
in the spinal neurones. However, kainate and quisqualate have been
found to open ligand-gated channels in cultured striatal neurones
(Murphy et al, 1987). There is no obvious reason to account for the
discrepancy except that it may be due to regional differences in the
source of the cultured neurones,.

Besides the Mg™* _sensitive site the NMDA receptor-channel com-
plex appears to have other regulatory units. Glycine potentiated the
effect of NMDA on channel openings in a patch-clamp study on cultured
cortical neurones ( Johnson and Ascher, 1987)., Glycine alsoc incresead
the effect of NMA (racemic N-methyl-aspartatejon the binding of the
labelled phencyclidine analogue TCP ([3H]N-(1-[-thienyl] cyclohexyl
piperidine ) to hippocampal membranes (Bonhaus et al., 1987). These
results suggested that glycine may regulate the activity of the NMDA
receptor-channel complex by acting at a strychnine-insensitive allos-
teric site. The psychomimetic drug phencyclidine {™angel dust") is
suspected to act at a site near to or within the NMDA activated ioni=
channel (Honey et al., 1985; Javitt et al., 1987, Wroblewski et al.,
1987). Zukin et al. (1987) have identified an endogenous ligand for
the phencyclidine receptor from bovine hippocampal extract. It re-
mains to be determined whether the endogenous ligand has a physiclo-
gical action on the MMDA receptor-channel complex,

1.2 EFFECTS OF EAAs ON SECONDARY MESSENGERS

The EAAs cause dose-dependent increases in cyclic adencsine mo-
nophosphate {cAMP) and cyclic guanosine monophosphate (cGMP) synthe-
ses in central neurones (Shimizu et al., 1974; Kinscherf et a1.,1976;
Novelli and Henneberry, 1985) in a Ca''-dependent manner (Ferrendelli
et al., 1974). Other depolarising agents such as high k*, ouabain and
veratridine similarly increases cGMP levels (Kinscherf et al., 1976;
Novelli and Henneberry, 1985)., It has been suggested that the effects
of EAA could be secondary to the depolarisation and subsequent o Ty
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influx (Watkins and Evans, 1981). However, imipramine effectively
blocks the veratridine-evoked accumulation of cGMP without much action
on the effect of glu , suggesting that veratridine and gqlu may be
causing cGMP accumulation via different mechanisms {Novelli and Henne-
berry, 19B5),

Studies on the effect of EAAs on phosphatidy] inositol (PI)} me-
tabolism are still in their early stages. The emerging pattern is
that quisqualate significantly increases Pl metabolism whereas NMDA
and kainate have only weak effects (Nicoletti et al., 1986b., Baudry
et al., 1986, Recasens et al., 1987; Schmidt et al., 1987). However,
NMDA and kainate can potently inhibit carbachol-induced stimulation
of PI metabolism (Baudry et al, 1986; Schmidt et al, 1987). The EAA-
induced increase in PI metabolism, particulary that caused by quis=
qualate, is highest in foetal and neonatal brains and declines with
age ( Nicolletti et al., 1986a., Slacdec zek et al., 1986; Recasens et
al., 1987) and may play a role in synaptogenesis (Récasens et al, 1987)
Intracellular injection of the active protein kinase C into hippo-
campal CAl neurones evoked features of long term potentiation {Hu et
El" 1987). However, the LTP induced via the NMDA receptor does not
appear likely to be mediated by protein kinase [ pecause of the weak
effect of NMDA on PI metabolism. It appears, nevertheless, that there
may be a possible involvement of PI metabolism in mediating use-depen
dent changes at glutamatergic synapses.

1.3 MECHANISM OF ACTION OF ANTAGONISTS

The actions of the NMDA antagonists APV, APH, CPP and DeAA appear
to be competitive (Evans et al., 1979; Harrison and Simmonds, 1985,
Leach et al., 1986; Wheatly and Collins, 1986). Similarly, kynurenic
acid has been shown to block both the NMDA and non-NMDA receptors in
a2 competitive manner {Herrling, 1985).

In contrast, the antagonism of NMDA by Mg™*

ve kinetics (Harrison and Simmonds, 1985; Mayer and Westbrook, 1985)
which together with the voltage-dependency of the Mg”™" block suggests
that Mg™™ enters and blocks the channel linked to the NMDA receptor
(Mayer and Westbrook, 1985; Nowak et al., 1984).

shows non-competiti

Ketamine, phencyclidine and MK-BO01 also block NMDA in a non-
competitive manner but seem to act at sites different from where Mg**
acts (H&rrisnn and Simmonds, 1985; Martin and Lodge, 1985; Lodge and
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Johnston, 1985; Javitt et al., 1987; Woodruff et al., 1987). The wvol-
tage-dependent actions of ketamine and phencyclidine suggest, Tike
Hg** they may act at a site within the NMDA-activated channel [(Honey

t al, 1985; MacDonald et al., 1987),

1.4 SYNTHESIS, RELEASE AND INACTIVATION OF GLUTAMATE

The level of glutamate in neurones and glia does not appear to
be significantly influenced by the blood glu levels (0ldendorf, 1971,
Oldendorf and Szabo, 1976). The two main precursors for the synthesis
of the transmitter ( releasable )pool of glutamate are glucose (Po-
tashner, 1978; Bradford et al., 1978; Hamberger et al., 1979) and ace
tate (Berl et al., 1961; Michin and Fonnum, 1979). Glucose is metabo-
lised to of-ketoglutarate {«KG) in the nerve terminal via the Krebs
cycle.otKG can also be synthesised in the astroglial cells via pyru-
vate carboxylase and then transported into the nerve terminals {Shank
and Campbell, 1982; Shank et al., 1985) where it is transaminated to
glu by aspartate aminotransferase or ornithine aminotransferase.

Acetate is mainly converted in astroglial cells to glutamine. A
proportion of the synaptically released glu is taken up by astroglia
and converted to glutamine by glutamine synthetase. Glutamine is
transported from astroglia inte the nerve terminals and converted to
glu by phosphate activated glutaminase (Bradford and Ward, 1976; Wei-
Ter et al., 1979).

Naito and Ueda (1983, 1985) have demonstrated an uptake of glu
into synapsin l-associated synaptic vesicles:; the uptake being driven
by an electrochemical proton gradient generated by Mg-ATPase.Nicholls
and Sihra ( 1986) have also demonstrated the release of endogenous glu
from a non-cytoplasmic poel in synaptosomes. As with the other neurg-
transmitters such as acetylcholine and aminobutyric acid the release
of glu from presynaptic nerve terminals is initiated by an increase in
the cytosolic concentration of Ca** in the terminals (Bradford et al.,
1973; Pastuszko et al., 1984; Bradford et al., 1986; Nicholls and
Sihra, 1986). An additional means by which neurones may release glu
is possibly from the cytosolic pool by a reversal of the glu uptake
system (see Erecinska, 1987).

The major means through which the action of synaptically relea-

sed glu is terminated has been pstablished to be through re-uptake by
neuronal and glial cells via both high and low affinity uptake S¥s-
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tems (Logan and Snyder, 1971; Schousboe et al., 1977; Meiler et 2al.,
1979; Vincent and McGeer, 1980). The high affinity uptake system (ap-
parent Km-<{50 ,uH}I is widely distributed in the CNS and acts on mainly
L-glu, L-asp and D-asp (Logan and Snyder, 1971; Benjamin and Quastel,
1976; Davies and Johnston, 1976). The low affinity uptake system (ap-
parent Km>100 fdil 1s present throughout the CNS and affects nat only
L-glu and L-asp but also non-transmitter EAAs such as D-asp, D-glu
(Benjamin and Quastel, 1976) and quisqualate (Lodge et al., 1980).

The uptake of glu involves a co-transport of two sodium fons
with one glu (or asp) molecule (Wheeler and Hollingsworth, 1978,
Stallcup et al., 1979, Erecifiska et al., 1986), The uptake is driven
by a combination of the transmembrane potential and Na‘ concentration
gradient (Erecinska et al., 1986, Erecinska, 1987, Wheeler, 1987).Ba-
sed on kinetic studies using cortical membranes Wheeler (1987) has
proposed that there is only one glutamic acid carrier the properties
of which can account for the previously accepted low and high affini-
ty systems, It remains to be established whether the same ar similar
carrier participates in the uptake of glu by glia, or the uptake of
other endogenous EAAs by neurones and glia.

2.0 EVIDENCE FOR NEUROTRANSMITTER ACTION OF L-GLUTAMATE
IN THE CEREBRAL CORTEX

The endogenous EAAs (e.g. L-glu, L-asp, L-cysteate, L-homocys-
teate and quinolinate) were easily established as depolarising agents
in the cerebral cortex and other parts of the CNS (e.g. Curtis et al,,
1959, 1960; Stone and Burtnﬁ, 1988) . However, a neurotransmitter role
for any of these EAAs in the cerebral cortex has been difficult to
establish unequivocally. There are a number of criteria that are im-
portant for the identification of a synaptic transmitter (Werman,1966;:
Orrego, 1979; Watkins and Evans, 1981). These are:

(1) The transmitter candidate must be shown to be present in the
pre-synaptic nerve and released from the nerve terminals by
appropriate stimulation.

(2) When exogenously applied, the transmitter candidate must have a
post-symaptic action identical to that of the synaptically re-
leased substance, including antagonism by specific pharmacolo-
gical compounds.
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(3) There must be a mechanism for inactivating the transmitter once
it has been released into the synaptic cleft. This criterion has
been conclusively established for L-glu as discussed.

In the cerebral cortex because of the paucity of well defined
tracts which are amenable to selective experimentation the first, oar
"release", criterion has been difficult to satisfy.

Nevertheless, there have been examples of Ca** -dependent re-
lease of L-glu from both in yivo and in vitro experiments. Glu was
selectively released from the cortical surface during desynchronising
stimulation of the mid-brain reticular formation to simulate an “arou-
sal® cortical response (Jasper and Koyama, 1969). Glu was also selec-
tively released from the sensorimotor cortex by stimulation of the
contralateral, but not the ipsilateral, brachial plexus (Abdul-Ghani
et al., 1979). There was release of glu from the visual cortex follo-
wing direct electrical stimulation or application of KCI solution
(Clarke and Collins, 1976). Collins (1970) demonstrated the release of
glu and asp from the olfactory cortical slice by electrical stimula-
tion of the lateral olfactory tract or activation of the deep and su-
perficial pyramidal cells. Release of glu has also been reported from
s1ices of the visual cortex {(Baughman and Gilbert, 1981). Hemidecor-
tication led to a decrease in the endogenously released glu from the
parietal cortex of freely moving rats suggesting that glu could be a
transmitter at the terminals of some transcallosal fibres (Peinado
et al., 1987). The released glu, however, could have come from either
the neuronal or astroglial cells (Mitchell, 1975; Clarke and Collins,
1976). Although circumstantial evidence of a Ca’'-dependent release
of glu by glia has been reported (Roberts, 1974b), neuronal glu re-
lease has generally been distinguished from glial release by the Ca’’
-dependency of the former (e.g. Orrego, 1979, Sanchez-Preto et al.,
1987.).

The second, or “identity of action® criterion is best studied
using intracellular recording from a post-synaptic cell to enable one
to measure changes in more precise biophysical parameter- €.9, mem -
brane potential and resistance. and ionic equilibrium potential (Wer-
man, 1966). Kynurenic acid and D-glutamylglycine have been shown to
decrease the spontaneous and evoked epsps as well as responses to
jontophoretic NMDA, quisgualate and kainate in dissociated cultures
of neurones from rat visual cortex {Huettner and Baughman, 1285).

Using rat neocortical slices, Thomson (1986) has described an
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atypical epsp which had similar properties to the membrane changes
evoked by iontophoretic NMA. This epsp and a component of the more
conventional epsp were blocked by APV, ketamine and cyclazocine ( Thom-
son, 1986; Thomson, West and Lodge, 1985). Intracellular recordings
from slices of the rat visual cortex coupled with high frequency sti-
mulation of the optic radiation showed induction of long term poten-
tiation which was blocked by APY (Artola and Singer, 1987).Similarly,
thalamic stimulation applied as a train of 10-15 pulses at 10Hz indu-
ced augmenting response in the rat sensorimotor cortex, the response
being blocked by topically applied APY (Addae and Stone,1987) .Kleins-
chmidt, Bear and Singer (1987) have demonstrated that APY disrupts
the experience-dependent plasticity in the kitten striate cortex. The
receptor specificity of APV implies the presence of functional NMDA
receptors in these neocortical areas,

Due to the technical difficulties associated with intracellular
recording from the cortex in vive, experiments to satisfy the iden-
tity of action criterion in such systems have involved mainly extra-
cellular recordings, APV, D- -aminoadipate and kynurenic acid blo-
cked the synaptic activity following photic and cortical stimulation
as well as responses to iontophoretic asp and glu in the wvisual cor-
tex (Hicks et al., 1981; Hicks and Guedes, 1983; Tsumoto et al.,
1986).

A number of reports have favoured glu {or asp) as the trans-
mitter used by corticofugal fibres e.g. cortico-cuneate (Stone,1976),
and corticostriatal pathways (Stone, 1379; Herrling, 1985). The py-
ramidal cells which give rise to these cortico-fugal fibres also have
recurrent collaterals which synapse within the cerebral cortex. 5ince
a matured neurone probably releases the same transmitter (or combina-
tion of transmitters) at all its nerve endings (ammended Dale's prin-
ciple) the above findings would seem to provide circumstantial evi-
dence that glu (and asp) could be synaptically released in the cere-
bral cortex.

Studies involving retrograde transport of the metabolically sta-
ble D-[3H]-aspartate has led to the suggestion that the thalamo-cor-
tical pathways may be using glu and asp at the nerve terminals in the
visual (Baughman and Gilbert, 1981) and sensorimotor cortices (Otter-
sen et al., 1983). Glu has been localised in the cerebral cortex of
rats and monkeys using immunocytochemical techniques (Conti et al.,
1987). The latter study demonstrated a laminar distribution of the

10



Excitatory amino acids

immunostained glu-containing neurones with laminae II, IlI, V, and VI
exhibiting the highest densities. The method, however, is unable to
distinguish between the glu present in the metabolic pool from that
within the transmitter pool.

Although the demonstration of binding sites in a tissue does
not necessarily make the endogenous ligand a transmitter a conclusi-
ve demonstration of binding sites on postsynaptic membranes streng-
thens the case for a transmitter role for the compound in question.
Roberts (1974a) was the first to report specific binding of TJabelled
glu to neocortical membranes. Since then there have been several stu-
dies to demonstrate specific sodium-independent binding of glu to
cortical membranes (e.g. De Robertis and De Plazas, 1976; Sanderson
and Murphy, 1982); sodium-dependent binding is considered to reflect
binding to the glu uptake sites. Few studies have however used mem-
brane fractions consisting of postsynaptic membranes. Thus extrasyna-
ptic location of the binding sites cannot be excluded. Fagg and Matus
(1984) have demonstrated L-glu binding sites on rat brain post-synap-
tic densities (PSDs). Histologically the PSDs looked like post-synap-
tic membranes. Wu et al. (1986) have similarly demonstrated binding
of L-glu to the PSD fraction from canine cerebral cortex.

The usual ligand binding experiments suffer from the mixing to-
gether of broken membranes from different cell types.

Receptor autoradiography can offset this limitation by demons-
trating the location of receptors on the intact cell (Snodgrass,1975).
In the cerebral cortex quantitative autoradiography has been useful
in determining the distribution of the binding sites for the selec-
tive EAA agonists (Unnerstal and Wamsley, 1983; Monaghan and Cotman,
1982, Monaghan et al., 1984a, 1984b, and 1985; Greenamyre et a].,1985%.,
Maragos et al., 1986). These studies indicate that the quisqualate and
NMDA binding sites are concentrated in the superficial cortical layers
(I, 11, 111) whereas kainate binding sites are mostly located in the
deeper layers (V, VI).

When taken together, the above results which have emanated from
different experimental approaches appear to provide the cardinal and
supportive evidence necessary to justify the consideration of glu as
a major excitatory neurotransmitter in the mammalian cerebral cortex.

11
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3.0 LOSS OF CORTICAL RESPONSE TO EXCITATORY AMINO ACIDS

Prolonged or repeated application of some EAAs to the cerebral
cortex leads to a loss of the cortical response to the EAAs (Addae
and Stone, 1986; 1987). Such an observation could have been due to a
non-specific loss of neuronal excitability following excessive depo-
larisation, or secondary to specific EAA receptor-mediated desensiti-
sation, The first mechanism tends to cause non-selective loss of sen-
sitivity to all excitatory compounds whilst desensitisation is likely
to be restricted to a group pf compounds., Desensitisation may involve
4 change in the conformation of the receptor to an inactive state
(Katz and Thesleff, 19%7) or inactivation of the ionic channel or the
transductive (second messenger) system.

{Mastuk and Parsons, 1970). In recent years several studies ha-
ve demonstratea loss of response to prolonged or repeated application
of EARs to neurones from different areas of the nervous system. Table
| summarises some of the reports, The results of these experiments,
particularly those involving patch clamping of cultured neurones,pro-
vide convincing evidence to support desensitisation of the receptor
complex to some of the EAAs.

Whereas loss of response to agonists acting on the NMDA and
quisqualate receptores have been consistently shown, loss of respon-
se to kainate in vive has not been easy to demonstrate (Addae and
Stone, 1987). Indeed, a number of iﬂ vitro studies have suggested
that there is no appreciabe desensitisation to kainate (Fagni et al,,
1983b; Mayer and MWestbrook, 1985; Vyklicky et al., 1986; Vlachova et
al., 1987).

12
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3.1 INTERACTIONS BETWEEN EXCITATORY AMIKO ACIDS

When a2 cell or tissue is exposed to a compound it may exhibit
desensitisation to only that compound (homologous desensitisation) or
to other compounds acting on different receptors as well fheterolo-
gous desensitisation). The latter situation usually implies that the
mechanism of desensitisation occurs downstream to the ligand binding
site; whilst homologous desensitisation suggests the process is res-
tricted to the receptor itself. Heterologous desensitisation further
suggests that the compounds involved share some common pathway follo-

wing activation of their receptors (Triggle, 1981; Hertel and Per-
kins, 1984), Although quisqualate, NMDA and kainate are supposed to
act on different receptors (McLennan and Lodge, 1979; Watkins and

Evans. 1981) when applied to the somatosensory cortex NMA prevented
the action of kainate in altering the somatosensory evoked poten-
tials; and quisqualate prevented the effects of NMA and kainate(Addae
and Stone, 1987)., Similarly in the horiZontal cells of vertebrate re-
tina NMA inhibited responses to kainate (Bloomfield and Dowling,l%85;
Cunningham and Neal, 1985) and quisqualate suppressed response to
kainate (Ishida and Neyton, 1985). Voltage-clamp studies with disso-
ciated hippocampal neurones have also shown quisqualate-induced de-
sensitisation to kainate (Kiskin et al., 1986). These reports of
cross-desensitisation between the EAAs indicate that the site of EAA-
induced desensitisation is likely to be distal to the agonist binding
site.

3,2 MECHANISM OF DESENSITATION TO EXCITATORY AMINO ACIDS

Few reports have attempted to elucidate the mechanisms under-
lying desensitisation to EAAs, Fagni et al. (1984) found that  there
was mo change in the resting membrane potential or input resistance
during the period of desensitisation to NMA and L-glutamate. Desensi-
tisation to EAAs has been reported to be enhanced by increasing 2=
tracellular Ca*t concentration and inhibited by Ca channel  blockers

such as cobalt and verapamil (Zorumski and Fischbach, 1385; Murali
Mohan and Sastry, 1986). Mayer and Westbrook (1985) also observed an
association between the desensitisation to NMDA and activation of
voltage-sensitive calcium channels. Thus calcium influx appears to

link the activation of the EAA receptor and initiation of the desen-
sitising process. A similar involvement of Ca’'' has been observed 1in

- 13 -
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the desensitisation to other compounds such as acetylcholine(Manthey.
1966; Nastuk and parsons, 1970) and GABA (Sarne, 1976).

Intracellular accumulation of Na™ during application of  EAAs
has been suggested by Collins and Surtees (1986) to underlie the loss
of sensitivity to EAAs in the olfactory cortical slice. Since increa-
sing the intracellular Na* could cause a secondary increase in the
intracellular Ca** by inhibiting the sodium-calcium exchanger, there
could be a link between these two proposed mechanisms. This link is
supported by the observation that other procedures which increase the
intracellular Ca** concentration such as Mg** -free bathing solutions
(by increasing Ca*™ influx) or low Na* solutions (by inhibiting the
Na*/Ca** exchanger) tend to enhance desensitisation to NMDA in cultu-
red spinal neurones (Mayer and Westbrook, 1985).

Watkins (1984) has hypothesized that the influx of ca** accom-
panying NMDA receptor activation (Dingledine, 1983; Mayer et al.,1987},
could induce efflux of Hg** which would then block the NMDA effects
{Davies and Watkins, 1977; Evans et al., 1977; Coan and Collingridge,
1985) thus producing a negative feedback effect to reduce NMDAactions.
Whereas such a mechanism could account for the desensitisation to
NMDA it cannot apply to desensitisation to quisqualate since the
effects of quisqualate are not blocked by Mg** (Mayer and Westbrook,
1984; Nowak et al., 1984).

The observation of cross desensitisation between the EAAs has
raised the possibility that the various EAAs could be acting on the
same receptor (Kiskin et al., 1986). A ligand binding study has poin-
ted to the possibility that the NMDA receptor could be a manifesta-
tion of the quisqualate receptor in a low affinity state (Greenamyre
et al., 1985).

Evidence from whole cell and outside out patch clamp studies
with cultured cerebellar {Cull-Candy and Ogden, 1985; Cull-Candy and
Usowicz, 1986) and hippocampal neurones (Jahr and Stevens, 1986) have
indicated that the EAA receptor complex can exist in three or more
conductance substates, Kainate or quisqualate activate a small con-
ductance channel (approximately 2pS and 0.5ms duration) whereas NMDA
activates a large conductance channel (approximately 50pS and 5ms du-
ration). These results would seem to support a model in which inacti-
vation of the EAA receptor complex by one selective agonist would ren-
der the receptor complex unresponsive to other selective agonists - a
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situation which would manifest an heterologous desensitisation  bet-
ween the EAAs in some of the experimental systems. Such a model main-
tains that there are separate receptor sites for the selective EAA
agonists and that desensitisation to the EAAs occur at the channel le-
vel.

From our observations and those from in vitro studies  (Addae
and Stone, 1986, 1987; Fagni et al., 1983b; Kiskin et al., 13986; Vy-
klick7 et al., 1986; Vlachovd et al., 1987) the tendency for the EAAs
to induce desensitisation would seem to be of the order of quisquala-
te>NMDA>>kainate. The question that needs to be addressed is why
there is such a marked difference in the desensitising capabilities
of quisqualate and kainate in spite of their ability to activate si-
milar (or the same) ionic channels. A proper resolution of this ques-
tion will depend on the development of more specific pharmacological
and biophysical probes to characterize the receptor sites and the
jonic channels Tinked to them.

Because quisqualate activates phosphatidyl inositol (PI) meta-
bolism to a much greater extent than kainate (Nicoletti et al.,1986b;
Baudry et al., 1986; Récasens et al., 1987) it may be that the inosi-
tol triphosphate-induced intracellular release of Ca** enhances de-
sensitisation by quisqualate. Activation of protein kainase L follo-
wing Pl metabolism could possibly lead to inactivation of the EAA re-
ceptor complex, in a manner similar to what has been demonstrated for
acetylcholine-induced desensitisation (Eusebi et al., 1985; Downing
and Role, 1987). It seems possible, however, that desensitisation to
EAAs may involve more than one mechanism as has been the case with
desensitisation to P-adrEnergic agonists (Hertel and Perkins, 1984).

4.0 CLINICAL CORRELATES

Studies on the EAA agonists and antagonists have contributed
to the understanding of not only neocortical function but alseo its
dysfunction. This has led to attempts to design novel pharmacological
agents to combat some neurological disorders. Localised injection of
kainate or the endogenous EAA gquinolinate into the brain causes des-
truction of cell bodies and dendrites without affecting the axons of
passage, nerve terminals and glia (0lney, 1971; Coyle and Schwarci,
1976; Schwarcz et al., 1983; Foster et al., 1983). These changes have
been described as similar to the neurodegenerative changes observed
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in the striatum in Huntington's disease, (Coyle and Schwarcz, 1976;
Olney and de Gubareff, 1978; Beal et al.,1986) and in the hippocampus
in temporal lobe epilepsy (Coyle et al., 1981; Schwarcz et al., 1983;
Griffiths et al., 1983). The other endogenous EAAs tested - L-asp,ho-
mocysteate and cysteine sulphinate - have only weak neurodegenerati-
ve properties (Olney and de Gubareff, 1978; Schwarcz et al., 1978)
thus leaving quinolinic acid (or another untested endogenous EAA) as
the major suspect for the causation of these diseases.

Intracerebral or systemic administration of NMDA, quinolinate,
kainate or quisqualate in animals causes generalised epilepsy (Lapin,
1981; Coyle et al., 1981; Czuczwar and Meldrum, 1982; Foster et al.,
1983; Fukuda et al., 198B5). There is increased release of EAAsS asso-
ciated with neuronal destruction following hypoxia (Rothman, 1984 ;
Hauptman et al., 1984; Hagberg et al., 1987); hypoglycemia (Wieloch
et al., 1985) or ischemia (Benveniste et al., 1984; Erecinska et al.,
1984; Hauptman et al., 1984; Simon et al., 1984; Drejer et al.,1985).
The accumulation of glu probably results from decreased reuptake (S5il-
verstein et al., 1986) following ATP deprivation and inhibition of
the Ma+/Ka+-pump which controls glu reuptake as well as increased glu
release (Dagani and Erecinska, 1987). EAA-induced neurodegeneration
in the cortex has been suggested to contribute toward senile dementia
(Bowen et al., 1983; Moroni et al., 1984) and Alzheimer's disease
(Greenamyre et al., 1985b; Cross et al., 18987). Two excitoxic amino
acids P -N-methylamino-L-alanine (BMAA) and P-H-nxa]y]anino-L*illni-
ne (BOAA), which are present in the edible seeds of Cycas circinalis
and Lathyru sativus respectively, have been linked to the pathogene-
sis of Guam amyotrophic lateral sclerosis and lathyrism (Spencer et
al., 1986; Spencer et al., 1587). BMAA and BOAA have been shown to
induce neurodegeneration in cortical neurones and to cause convul -
sions in mice by acting through the NMDA and non-NMDA receptors res-
pectively( Spencer et al., 1987, Ross and Spencer, 1987; Ross et al.,
1987).

The toxicity of the EAAs have been regarded mainly to be due
to excessive neuronal excitation and depolarisation (“excitotoxicity")
which results in excessive Ca’' influx (Berdichevsky et al., 1983;
Jansco et al., 1984). Ultrastructural studies of gerbil brains folle-
wing brief ischemia showed accumulation of calcium in the mitochon-
dria of cortical and hippocampal neurones (Dux et al., 1987). The cal-
cium presumably moves into the neurones through glu activation of
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ligand-gated channels (Mayer et al., 1987., Murphy et al., 1987) and
voltage-gated channels; the former probably being more important (Ro-
thman et al., 1987). In cultured cerebellar neurones the toxicity of
kainate was prevented by agents which inhibit the formation of supe-
roxide and hydroxyl radicals (Dykens gt al., 1987). The authors have
therefore suggested that these radicals may mediate the neuronal da-
mage following Ca** influx. Although this hypothesis is attracti-
ve there are a number of missing 1inks which remain to be 1investiga-
ted. The mechanisms of toxicity has alternatively been explained as
due to endosmosis resulting from excessive depolarisation and neuro-
nal energy depletion (Coyle et al., 1983) or C1~ (and Na*) influx (Ro-
thman, 1984; Olney et al., 1986). Choi (1985) has further suggested
that the C1° influx is responsible for the acute cellular damage whe-
reas the influx of Ca** accounts for the long term neurotoxicity. EAA
antagonists have been used to prevent or minimise the manifestation
of EAA-induced toxicity. The antagonists APV and APH have been effec-
tive against both EAA-induced seizures (Czuczwar and Meldrum, 1982 ;
Schwarcz et al., 1984) and various animal models of epilepsy e.g. au-
diogenic seizure in genetically prone DBA/2 mice (Croucher et al.,
1982) and seizure in the photosensitive baboon (Meldrum et al.,1983).
The neurotoxicity induced by BMMA or BOAA are prevented by APH and
cisPDA respectively (Ross and Spencer, 1387; Ross et al., 1987). APH
has also been effective in preventing or minimising insulin-induced
convulsions (Chapman et al., 1987). APH, APV, X DGG, ketamine and MK-
801 have been effective in preventing hypoxic or ischemic neuronal
damage (Rothman, 1984; Simon et al., 1984; Rothman et al., 1987a and
1987b; Woodruff, 1987).

In general, the EAA antagonists have the potential of being
used in the treatment of some forms of stroke (Schwarcz and Meldrum,
1985; Rothman and Olney, 1986) and neurodegenerative disorders by a
direct antagonism of the endogenously released glu or its structural
analogue such as quinelinic acid. However, there appear to be serious
limitations to their clinical use. The inability of compounds such as
APH and APV to crbss the blood-brain-barrier implies they can only be
administered by the intrathecal route. The noen-competitive antagonis-
ts ketamine, phencyclidine and MK-801 have the advantage of crossing
the blood-brain-barrier and exhibiting use-dependent antagonism at

the MMDA receptor (Loo et al., 1986; Fagg, 1987; Woedruff et al.,
1987). However, their well known serious psychomimetic effects may
limit their clinical use to only life-threatening conditions. The
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morphinans - dextrophan and dextromethorphan (present in over-the-co-
unter cough suppressants) - have been shown to be effective im inhi-
biting the neurotoxic actions of NMDA, quinolinate and glutamate on
cultured neocortical neurones (Choi et al., 1987). The clinical safe-
ty record of these drugs make them promising candidates for further
investigation as to whether they will be devoid of psychomimetic ef-
fects at clinically relevant doses. The observation of behavioural di-
sorders (e.g. hyperactivity and ataxia) following the administration
of APV, APH and CPP (Koek et al., 1986 ; Compton et al., 1987; 0'Neil
et al., 1987)could indicate that such psychomimetic side effects may
inevitably accompany the use of all NMDA antagonists.

4.1. EFFECTS OF ANTICONVULSANTS ON EXCITATORY AMINO ACIDS

A number of studies have suggested that the clinically used
anticonvulsants - pentobarbital, diazepam, diphenylhydantoin, and
chlormethiazole - may act by partly antagonising endogenously relea-
sed EAAs (MWeakly, 1969; Richards, 1972; Teichberg et al., 1984; As-
sumpcao et al., 1979; Stone, 1981; Sastry and Phyllis, 1976; Gent and
Wacey, 1981). Topical cortical application or systemic administration
of pentobarbital and diphenylhydantion indicated that these drugs
antagonised glu mainly at the quisqualate receptor site, however, the
effective concentrations of both drugs seemed to be higher than the
therapeutically relevant levels (Addae and Stone, in press). In the
same preparation diazepan appeared to have some inhibitory action on
the effect of kainate by a mechanism which did not appear to be via a
direct receptor antagonism whilst chlormethiazole and carbamazepine
schowed no antagonism to NMA, guisqualate or kainate (Addae and Sto-
ne, in press). Using rat cortical slices, Crowder and Bradford (1987)
observed that phenobarbital, diphenylhydantoin and carbamazepine fnhi-
bited veratridine-stimulated release of endogenous glu and asp at
concentrations well above their clinically effective levels. The an-
ticonvulsive effects of these drugs, therefore, do naot appear to in-
volve antagonism of an endogenous EAA, at least not in the short term
following the administration of the drugs. It remains to be investi-
gated whether the effects of chronic administration of these drugs
could involve antagonism of EAAs.
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5.0 CONCLUSION

Like the usual desensitisation to other neurotransmitters,hor-
mones or growth factors desensitisation to EAAs seems to be a natural
defensive mechanism by neurones against excessive EAA-induced exci-
tation and cell death. Although desensitisation confers an obvious
survival advantage on a neurone it could cause certain disadvantages
when utilised indiscreetly by the neurones, For example, where repea-
ted transmission via a particular synapse i5 necessary, the presence
of a receptor type which is highly prone to desensitisation could
compromise the function of that synapse. Quantitative autoradiogra-
phic studies have shown that the gquisqualate and NMDA receptors are
mainly distributed in the superficial cortical layers whereas the
kainate sites are mainly found in the deep layers (Monaghan and Cot-
man, 1982; Unnerstal and Wamsley, 1983; Monoghan et al., 1984a; 1934b
and 1985; Greenmyre et al., 1985a; Maragos et al., 1986). The diffe-
rences in the desensitising properties of the EAA receptor types and
their uneven distribution in the cortex may reflect the functional
pre-requisites of the receptors. These differences may also underlie
the tendency to observe desensitisation to EAAS more readily when
they are applied to the superficial cortical layers (either topically
or iontophoretically)than when applied to the deep layers by ionto-
phoresis (Curtis et al.. 1960; Krnjevi€ and Phillis, 1963; Addae and
Stone, 1986).

Demonstration of desensitisation to EAAs suggests that it
could be possible to protect a neurone from excessive intracortical
glu without markedly disturbing its reactivity to synmaptic transmis-
sion e.g. without disturbing the single cell firing rate or the cor-
tical evoked potentials(Addae and Stone, 1986). Conceivably EAA (par-
ticularly one acting at the guisqualate receptor site) could be wused
to enhance desensitisation of the neurone to endogenous EAAS and
thereby contribute to the prevention and cure of some of the EAA-in-
duced neurclogical disorders.
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